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ABSTRACT
To enhance the corrosion resistance of steel, coated reinforcing bars are used in
concrete. This coating can also affect the bond performance and crack size in steel
reinforced concrete. This thesis presents the results of an experimental program wherein
the flexural cracks of concrete beams reinforced with steel bars with different coatings
are compared. Specimens with uncoated carbon “black” bars, epoxy-coated bars,
galvanized bars, and textured epoxy-coated bars were used in this study. Beam specimens
with one of these four types of reinforcements were subjected to a sustained load in 4point bending for up to one week. During this time, cracks and displacement were
monitored and documented. Then, the beams were loaded to failure to compare their
load-displacement responses. The length and width of cracks as well as the number and
spacing of cracks were recorded and compared. Consistent with other researchers, the
results indicate that epoxy-coated bars have relatively poor bond with concrete and
consequently poor crack control. In comparison, the black bars and bars with galvanizing
and textured-epoxy coating resulted in better bond and crack control.
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CHAPTER ONE
INTRODUCTION
A major issue of reinforced concrete elements, such as bridge decks, is corrosion
of the steel reinforcement. When the reinforcement corrodes, it results in a decrease in
flexural strength and an increase in crack growth (El Maaddawy 2005). Coatings on the
outside of the bars can be used to mitigate corrosion but can also impact the bar-concrete
bond and crack control. This paper focuses on the impact of coatings on controlling
flexural cracks.
Galvanized bars are a common type of reinforcement used to try to mitigate the
effects of corrosion in reinforced concrete. In terms of bond, it is thought to have a better
bond to the surrounding concrete as compared to an epoxy-coated bar or even an
uncoated black bar (Kayali et al. 2000). This is because the galvanized bars have a pure
layer of zinc on the outer surface. This zinc layer reacts with the concrete creating a high
level of adhesion.
In a review, (Yeomans 2004) it is detailed, with data from field applications and
experimental data, that galvanized reinforcement has demonstrated a positive effect on
the life and crack control in reinforced concrete. Galvanized bars, when compared to
conventional steel bars, show an extended time-to-corrosion. This is because galvanized
coating has a significantly higher chloride threshold than that of uncoated steel. It has
been shown that galvanized coated bars can withstand exposure to chloride ion
concentrations at least four to five times higher than what conventional steel can
withstand. When looking at the field performance of marine and bridge decks at various
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ages of exposure, concrete quality and chloride levels, galvanized bars consistently
outperform uncoated steel bars. The review concludes that in well designed, good quality
concrete, galvanized bars can be a cost-effect method of providing corrosion protection
and extending the reinforcement life. In poor quality or poorly designed concrete,
galvanized bars can still help delay the initiation of corrosion in the reinforcement.
Epoxy is another coating that has been used as a protection from corrosion for
steel reinforcement. A review (Smith, 1996) of investigations from highway agencies in
the United States and Canada showed that epoxy-coated steel reinforcement can be an
effective method of corrosion resistance. The investigations included 92 bridge decks,
two bridge barrier rails and one noise barrier rail. In 81 percent of these structures, there
was no evidence of corrosion found and the chloride concentrations at the level of the
reinforcement were typically at or above the threshold needed to initiate corrosion in
steel. In segments where corrosion was found, the corrosion was more severe at areas of
heavy cracking, where the concrete cover was shallow or when the concrete had high
permeability. It was concluded that when the concrete construction and quality are
adequate, then epoxy-coated bars provide effective protection from corrosion.
When a reinforced concrete beam is subjected to bending and the tensile strength
of the concrete is exceeded, cracking in the beam occurs. When cracks form, the beam
experiences a loss in its stiffness. Cracks engage the reinforcement which carry internal
tensile forces across the crack. Shortly after a crack is formed, internal cracks start to
appear adjacent to the steel-concrete bond. These internal cracks cause the bond to
deteriorate and more internal cracks form. When this bond is lost, the tensile force cannot
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be transferred from the steel reinforcement to the surrounding concrete since they are no
longer working as a composite unit. This further leads to more loss of stiffness in the
beam and higher strain in the steel and eventually to failure (Higgins 2013).
Studies have shown that bond exists in three mechanisms: adhesion, friction and
mechanical interaction (Choi et al. 1991). Adhesion and friction are both influenced by
the roughness of the surface of the bar. When epoxy coating is applied to the surface of
the reinforcement, the surface properties are changed, causing a reduction in adhesion
and friction as well as altering the mechanical interaction between the steel and concrete.
This reduction causes epoxy-coated bars to have a reduced bond strength.
Textured-epoxy coated bars have recently been developed to maintain the
corrosion mitigation benefits of epoxy coating, but to address the limitation of bond
performance. A recent project funded by The Illinois Department of Transportation
(IDOT) tested the bond strength of textured-epoxy rebar (Kim 2018). In that study, a
pull-out test as well as a flexural test with both standard epoxy and textured-epoxy bars
were performed. It was observed that the standard epoxy bar demonstrated an increased
tendency to slip and split the concrete. On the other hand, the textured-epoxy bars
initially showed good force-slip behavior. However, the slip resistance was observed to
experience a rapid degradation. On average, it was observed that the textured-epoxy bars
developed a peak nominal bond stress that was 17% lower than that developed in the
traditional epoxy bars.
In another study by the Illinois Department of Transportation (Zhang 2020) the
impact of surface roughness on the bond-slip behavior was investigated. The surface
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roughness of textured-epoxy coated bars was compared to uncoated black bars and a pullout test and a finite element model was used to compare the bond behavior. The study
concluded that the textured-epoxy coated bars had an average surface roughness three to
four times that of the uncoated black bars. The textured-epoxy coated bars also showed a
higher initial slip resistance.
The objective of this thesis is to compare the crack control performance of
uncoated “black”, epoxy, galvanized and textured-epoxy bars when used as flexural
reinforcement (Figure 1.1). The previous studies on textured-epoxy bars tested the bond
of different reinforcing bars using pull-out tests and a flexural load-slip test. This thesis
adds flexural crack control to the conversation and also includes a comparison with
galvanized coating.

Figure 1.1: Four Types of Reinforcements Used (Image provided by Sachin Sreedhara)
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CHAPTER TWO
SPECIMEN DESIGN AND CONSTRUCTION
For this experiment, black steel bars were compared with the bars coated with
traditional epoxy, galvanized and textured-epoxy bars. The galvanized bars were
“continuously galvanized”, a type of coating that provides corrosion resistance and
increased ability to bend without compromising the coating (CMC 2020). The texturedepoxy coating was applied in the same manner as traditional epoxy, the only difference
being that a textured coat was applied immediately after the smooth coat.
A sustained load test was used, and crack growth and beam displacement were
monitored. The sustained load test was a modified version of the Peterman Beam Test
(Peterman 2009). The basic concept of the test is a clear span between two supports with
a load suspended from the beam at two points. This setup, shown in Figure 2.1, allows
investigation of cracks that form in the concrete. The span length, cross-section and load
were designed so that the beam would crack extensively but would not reach flexural
failure.
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Figure 2.1: Schematic Illustration of the Sustained Load Setup

For this project, three series of beams were tested, each with 4 different types of
reinforcing bar as shown in Table 2.1.

Table 2.1: Variable Matrix
Specimen
Label
B1
E1
G1
T1
B2
E2
G2
T2
B3
E3
G3
T3

Bar Type

Series #

Conventional Black Bar
Epoxy – Coated Bar
Galvanized Bar
Textured Epoxy – Coated Bar
Conventional Black Bar
Epoxy-Coated Bar
Galvanized Bar
Textured Epoxy-Coated Bar
Conventional Black Bar
Epoxy – Coated Bar
Galvanized Bar
Textured Epoxy – Coated Bar

1
1
1
1
2
2
2
2
3
3
3
3
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The beams for the sustained load testing were designed to have a square crosssection of 3.5 inches (90 mm) in each dimension and a length of 93 inches (2360 mm).
The reinforcement was a #4 bar (ϕ = 0.5 in., 12.7 mm) placed in the center laterally and
1.25 inches (32 mm) from the bottom of the beam to the center of the bar. Figure 2.2
details this cross-section. A concrete mix typically used by the South Carolina DOT for
bridges was used to cast the specimens. The tested 28-day compressive strength was 5070
psi (35 MPa) for series one, 5940 psi (41 MPa) for series two and 5139 psi (35 MPa) for
series three. Details of the mix design are presented in Appendix A.

Figure 2.2: Cross-Section of Specimen
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CHAPTER THREE
METHODOLOGY
Beams in series 1 and 2 were subjected to a sustained load in 4-point bending for
one week. The beams had a clear span of 86 inches (2180 mm) and were loaded 41.5
inches (1050 mm) from each end with a total load of 700 lbs. (3.1 kN). Figure 3.1 shows
the setup for the test.

Figure 3.1: Picture of the Sustained Load Setup

Crack growth and displacement were monitored during one week of loading.
Displacement was measured at the quarter, mid-span and three-quarter points
immediately after loading, after one day and after the full week using a ruler and calipers.
After the week, pictures were taken of each crack and analyzed with the ImageJ software
(ImageJ 2020) to determine the crack surface area. The deflections and crack sizes
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changed very little over time and are not discussed further in this thesis. Based on this
observation the beams in series 3 were only loaded for approximately 30 minutes, or long
enough to collect all pictures of cracks and other data.
In ImageJ, a digital image was converted to grayscale, as shown in Figure 3.2b.
Having the picture in grayscale enabled the program to isolate the pixels of the crack
based on the image being darker in that area. This isolation was done by adjusting the
threshold of the image so that it displayed only the crack as shown in Figure 3.2c. Once
the pixels of the crack were highlighted, the program could calculate the area of the crack
using the scale provided within the picture. The length of each crack was also measured
in ImageJ using the included scale. Manual microscope readings of crack width were also
collected as a redundant measurement for series one. Even though the measurements may
have varied by up to 11%, the overall trend between the reinforcement coatings was
maintained. Since the microscope readings are more subject to human perception, they
were not used as a primary source of data for comparisons.
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(a)

(c)

(b)

Figure 3.2: (a) a picture from a crack, (b) crack image in grayscale, (c) crack image
processed in ImageJ

The average crack width was calculated by taking the crack area and dividing by
the length of each crack as shown in Equation 3.1. Both data points were measured using
ImageJ.
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑊𝑖𝑑𝑡ℎ

𝐴𝑟𝑒𝑎
𝐿𝑒𝑛𝑔𝑡ℎ

Eq. 3.1

By assuming the crack to be a triangle, the base of the triangle would be the
maximum width of the crack. With this assumption, the maximum crack width data
points were calculated using the crack area and length measured in ImageJ with Equation
3.2.
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𝑀𝑎𝑥 𝑊𝑖𝑑𝑡ℎ

2 𝐴𝑟𝑒𝑎
𝐿𝑒𝑛𝑔𝑡ℎ

Eq. 3.2

After the beams were unloaded, they were then tested using a universal test
machine (UTM) to further analyze their load-displacement behavior. Each beam was
loaded at the same points as in the sustained load test but supports were positioned 5.5
inches (139.7mm) in from the ends of the beam which differs from the sustained load test
where the supports were at the ends of the beam. Figure 3.3 details the free-body-diagram
for this setup.

Figure 3.3: Free-Body-Diagram for Load-Displacement Test

A steel I-beam was placed in the UTM and the beam supports were positioned on
each end. The stiffness of the steel I-beam was an order of magnitude greater than the
specimen. Hence displacement of the I-beam did not significantly impact the
displacements measured from the UTM. The setup for the load-displacement test is
shown in Figure 3.4. Beams in series 1 and 2 were loaded until failure. In all cases,
failure consisted of concrete crushing in compression at the top of the beam.
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Figure 3.4: Overall View of Load-Displacement Test Setup

Series 3 was the final set tested and it was fabricated and tested after the initial
analysis of Series 1 and 2. Series 3 was not tested to failure and was stopped at 1000 lb.
in order to retain the beams for any potential future experiments. Since this project
mainly focuses on serviceability, the behavior and capacity at ultimate load were not
points of interest in this study. Based on the results of the previous series, comparing the
displacement of the beams when loaded to 750 lb was selected to compare the
performance of each bar.
The results are presented in terms of a “comparison index”. This is done to
normalize the results within each series of specimens to mitigate differences between
concrete batches. While the same mix design was used for all specimens, small variations
in compressive strength were observed between batches. Normalizing within each series
of specimens allows a more direct comparison between the bar types because any effects
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of difference in the concrete are normalized. The comparison index was calculated as
follows:

𝐶𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑖
Eq. 3.3
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CHAPTER FOUR
RESULTS AND DISCUSSION
In the sustained load test, the total number of cracks, the average width of all the
cracks, the average length of all the cracks, the average spacing between each crack and
the maximum average crack width were measured. Comparisons between these metrics
are made using the comparison index from Equation 3.2. In the case of “# Cracks” the
data are presented as the inverse of the comparison index. This is because increased crack
quantity is associated with better bar-concrete bond and a higher number of cracks is an
indicator of desirable bond performance. In contrast, for all other measures a smaller
number/measurement is desirable. Figure 4.1, Figure 4.2 and Figure 4.3 show the results
of the four beams in each series. Complete details of data from each individual specimen
are presented in Appendix B.

Figure 4.1: Comparison of Series 1 Crack Data
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Figure 4.2: Comparison of Series 2 Crack Data

Figure 4.3: Comparison of Series 3 Crack Data
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The number of cracks indicates the distribution of stress between concrete and
steel along the beam (Wight 2016). In all series, the textured-epoxy bar resulted in the
most cracks. The epoxy bar specimen had the least number of cracks in two of the three
series. This result is attributed to superior bond for textured-epoxy bars and worse bond
for the traditional epoxy bars.
When the bond is weaker, fewer cracks appear, but these cracks tend to be wider
and longer. The average crack width, average crack length and maximum average crack
width metrics show how big the cracks tended to be on the beams. The epoxy beams had
the highest average crack width in each series. Comparison crack widths between
textured-epoxy and galvanized showed mixed results depending on the series. The beams
with epoxy bars had the greatest maximum average crack width in each series. The
average length of the cracks in the epoxy bar beams was also largest or near largest in all
series. The epoxy reinforcement led to larger cracks meaning that the stress was not
distributed as effectively, most likely because of a deterioration in the bond of the
reinforcement and the concrete.
The crack spacing metric measures a similar behavior as the number of cracks on
the beams. If there are fewer cracks, then the spacing between the cracks is larger. This
thought follows the data as the epoxy beams had the least number of cracks and also the
highest spacing. The spacing of each crack was measured directly on the beam with a
measuring tape and then averaged together for each beam in each series. The specimens
with textured-epoxy bars had the lowest, or near lowest, crack spacing in all series.
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Figure 4.4, Figure 4.5 and Figure 4.6 show load-displacement behavior of the
beams. While this research focused on serviceability, the differences in ultimate strength
are noted for series 1 and 2. In the first two series, the galvanized beams had a greater
maximum load, and the epoxy beams supported the lowest load. The differences in
maximum load for series 1 and 2 are attributed to yield strength of the reinforcement not
to the bond performance. Similar results were observed in related tests conducted by
Sreedhara et al. (2020).
In the third series, the four specimens showed similar stiffness, but the epoxy
showed a slightly higher stiffness. This type of variability is common, and expected, in
tests of reinforced concrete. For this reason, no single test is considered conclusive for
evaluating the relative performance. This is the reason that the comparison index was
utilized. Maximum load was not considered for series 3.
In series 1 and 2 the epoxy bar beams showed the least stiffness compared to the
other beams. When the bond between the steel reinforcement and the surrounding
concrete begins to deteriorate, the stress cannot be transferred from the steel to the
concrete as effectively. This results in a loss of stiffness in the beam. The beams were
already cracked prior to flexural testing in the UTM so the stiffness observed in the tests
reflected the existing cracks.
The modulus of elasticity of the bars was directly measured by Sreedhara et. Al
(2020). The tested modulus of elasticity for each bar differed by less than 3.1%. This
small variation was accounted for by normalizing the displacement to the black bar. This
was done by using a calibration factor based on the ratio of each beam’s cracked moment
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of inertia to the black bar specimen. This calibration factor was then applied to each
specimen’s displacement data.
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Figure 4.4: Series 1 Load-Displacement Plot
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Figure 4.5: Series 2 Load-Displacement Plot
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Figure 4.6: Series 3 Load-Displacement Plot
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As a means of comparing the results in aggregate, the average comparison index
values for the specimens and bar types were considered. The comparison index can be
used to get a comparison percentage of how the bars performed relative to each other. A
higher comparison index value indicates undesirable performance. In the context of this
project, a lower comparison index indicates a stronger bar-concrete bond and/or better
crack control. A comparison index value of 0.95 indicates that the bar performed 5%
better than the average of all bars. Based on the comparisons in Table 4.1, the overall
performance of galvanized (Avg. CI = 0.95) and textured-epoxy (Avg. CI = 0.93) bars
were superior relative to the black bars (Avg. CI = 1.02). The epoxy coated bars (Avg. CI
= 1.12) had the worst overall performance. In other words, the textured-epoxy and
galvanized bars performed approximately 7% and 5% better than the average of all
specimens respectively while the epoxy coated bars performed 12% worse than the
average of all specimens. These quantitative values are based on 6 different data
parameters collected across three series of tests.
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Table 4.1: Comparison Index Values
Average
Average
Comparison Comparison
#
Avg.
Avg.
Avg.
Max Displacement
Index Index - Bar
Cracks Width Length Spacing Width
at 750 lb.
Specimen
Type
B1 0.98
1.04
0.98
1.04
1.09
0.88
1.00
B2 1.07
0.89
0.97
0.99
1.08
0.93
0.99
1.02
B3 1.48
0.91
1.07
1.10
0.79
1.05
1.07
E1 1.10
1.24
1.10
0.98
1.23
1.22
1.15
E2 1.18
1.13
1.13
1.25
1.06
1.12
1.15
1.12
E3 0.97
1.20
1.07
1.06
1.20
0.96
1.08
G1 1.10
0.87
0.82
1.23
0.94
0.78
0.96
0.95
G2 1.02
0.95
0.92
0.96
0.84
0.94
0.94
G3 0.93
1.03
0.86
0.90
1.01
1.00
0.95
T1 0.86
0.84
1.10
0.75
0.74
1.13
0.90
T2 0.80
1.03
0.98
0.80
1.02
1.00
0.94
0.93
T3 0.82
0.86
1.00
0.94
1.00
0.99
0.94
Additional evaluation was conducted on the area of the cracking and the
maximum crack width. These measurements were of interest for practical reasons
because they relate directly to the potential for corrosion at the crack locations (Abo
Alarab et al. 2020). In other words, these are considered the two most important factors
related to crack control and so are given additional attention in Table 3. Table 3 shows
the Comparison Index values for average total area of cracking and maximum crack
width. The galvanized and textured-epoxy bars still showed the best performance, each
performing about 13% (Avg. CI = 0.87) and 8% (Avg. CI = 0.92) better than the average,
respectively. The epoxy, again, had the worst performance, performing about 24% worse
than the average (Avg. CI = 1.24). When evaluating the bar performance based on these
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two factors alone (Avg. Crack Area and Maximum Crack Width), textured-epoxy and
galvanized appeared to have even better performance.

Table 4.2: Select Comparison Index Values

B1
B2
B3
E1
E2
E3
G1
G2
G3
T1
T2
T3

Avg. Crack Area
Comparison
Index
1.00
0.87
0.95
0.98
1.40
1.31
1.24
1.28
0.70
0.87
0.82
0.89
0.90
0.92
1.02
0.85

Max Width
Comparison Index
1.09
1.08
0.99
0.79
1.23
1.16
1.06
1.20
0.94
0.84
0.93
1.01
0.74
0.92
1.02
1.00
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Avg.
Comparison
Index
0.97
1.24
0.87
0.92

CHAPTER FIVE
CONCLUSIONS
This thesis compared the bond strength and crack control behavior of rebars with
different coatings in concrete beams. By subjecting the beams to a sustained load, the
flexural cracking could be observed and measured. Measurements considered in the
experiments included number of cracks, average crack width, length, spacing, and
maximum crack width. It was concluded that:


The traditional epoxy-coated bar had the worst relative performance among
the four reinforcements. The epoxy-coated bar resulted in larger and less
frequent cracks when subjected to the sustained load. Across the different
metrics considered, the epoxy-coated bar performed approximately 12%
worse than the average of all bar types.



Both galvanized and textured-epoxy bars had a relatively higher bond and
crack control performance than the uncoated black bars. These bars
performed 5% and 7% better on average respectively compared to the
average performance of all reinforcement types.



When focusing on the two most important metrics related to crack control,
the galvanized bar and textured-epoxy bar showed even greater
performance. They performed 13% and 8% better than the average of all
bar types respectively.



In these tests the galvanized and textured-epoxy bars had similar results to
each other. It’s inconclusive that one was superior over the other.
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The uncoated reinforcement’s performance was similar to the average of all
bar types considered, performing only 2% worse than the average.

These results are based on a limited number of samples and are considered
preliminary. Future work should consider combined cracking and corrosion, the cost
analysis of each reinforcement, statistically significant samples or other types of cracking
like shrinkage cracking.
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Appendix A
Concrete Mix Design

Concrete Mix Design for Sustained Load Cracking Specimens
Material

Design Quantity

Cement (Type I/II)

500 lb.

Fly Ash

125 lb.

Coarse Aggregate

1825 lb.

Fine Aggregate

883 lb.

Water

35 gal

Water/Cement

0.467

Slump

3 in.

Figure A-1: Concrete Mix Design
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Appendix B
Test Summary of Each Specimen

Test Summary of Specimen B1
Bar Size: #4
Bar Type: Black
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
2500

Load (lb)

2000
1500
1000
500
0
0

0.5

1

1.5

2

2.5

Displacement (in)
Figure B-1: Test Summary of Specimen B1
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Cast Date: 10-07-2019
Sustained Load Test: 04-07-2020
Flexural Test: 06-11-2020
Value
28
35.87 in. (911 mm)
4 in. (102 mm)
0.003 in. (0.07 mm)
0.01in. (0.26 mm)
0.096 in.2 (61.7 mm2)
0.366 in. (9.29 mm)
Parameter
Value
Displacement at 0.11 in.
250 lb
(2.79 mm)
Displacement at 0.22 in.
500 lb
(5.59 mm)
Displacement at 0.33 in.
750 lb
(8.38 mm)
Peak Load
1795 lb.
(7.99 kN)
Transformed
12.77 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.28 in.4
(1.4E6 mm4)
28-Day
5070 psi
(34.96 MPa)
Compressive
Strength

Test Summary of Specimen E1
Bar Size: #4
Bar Type: Epoxy
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Displacement (in.)
Figure B-2: Test Summary of Specimen E1

28

Cast Date: 10-07-2019
Sustained Load Test: 04-07-2020
Flexural Test: 06-11-2020
Value
25
36.06 in. (916 mm)
3.78 in. (96.01 mm)
0.003 in. (0.078 mm)
0.011 in. (0.29 mm)
0.12 in.2 (77.1 mm2)
0.443 in. (11.25 mm)
Parameter
Value
Displacement at 0.16 in.
250 lb
(4.06 mm)
Displacement at 0.31 in.
500 lb
(7.87 mm)
Displacement at 0.46 in.
750 lb
(11.68 mm)
Peak Load
1650 lb.
(7.34 kN)
Transformed
12.76 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.26 in.4
(1.4E6 mm4)
5070 psi
28-Day
(34.96 MPa)
Compressive
Strength

Test Summary of Specimen G1
Bar Size: #4
Bar Type: Galvanized
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Displacement (in.)
Figure B-3: Test Summary of Specimen G1
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Cast Date: 10-07-2019
Sustained Load Test: 04-07-2020
Flexural Test: 06-11-2020
Value
25
26.69 in. (678 mm)
4.72 in. (119.89 mm)
0.002 in. (0.055 mm)
0.009 in. (0.223 mm)
0.059 in.2 (38.2 mm2)
0.336 in. (8.53 mm)
Parameter
Value
Displacement at 0.10 in.
250 lb
(2.54 mm)
Displacement at 0.20 in.
500 lb
(5.08 mm)
Displacement at 0.29 in.
750 lb
(7.37 mm)
Peak Load
2347 lb.
(10.44 kN)
Transformed
12.77 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.32 in.4
(1.4E6 mm4)
5070 psi
28-Day
(34.96 MPa)
Compressive
Strength

Test Summary of Specimen T1
Bar Size: #4
Bar Type: Textured Epoxy
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Displacement (in.)
Figure B-4: Test Summary of Specimen T1
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Cast Date: 10-07-2019
Sustained Load Test: 04-07-2020
Flexural Test: 06-11-2020
Value
32
45.87 in. (1165 mm)
2.89 in. (73.41 mm)
0.002 in. (0.053 mm)
0.007 in. (0.175 mm)
0.097 in.2 (62.9 mm2)
0.463 in. (11.76 mm)
Parameter
Value
Displacement at 0.15 in.
250 lb
(3.81 mm)
Displacement at 0.29 in.
500 lb
(7.37 mm)
Displacement at 0.43 in.
750 lb
(10.92 mm)
Peak Load
1862 lb.
(8.28 kN)
Transformed
12.76 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.25 in.4
(1.4E6 mm4)
5070 psi
28-Day
(34.96 MPa)
Compressive
Strength

Test Summary of Specimen B2
Bar Size: #4
Bar Type: Black
Sustained Load Measurements
Number of cracks (total both sides)
Total length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-5: Test Summary of Specimen B2
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Cast Date: 10-28-2019
Sustained Load Test: 06-09-2020
Flexural Test: 06-23-2020
Value
21
36.102 in. (917 mm)
3.95 in. (100.33 mm)
0.002 in. (0.045 mm)
0.007 in. (0.176 mm)
0.067 in.2 (43.1 mm2)
0.523 in. (13.28 mm)
Parameter
Value
Displacement at 0.11 in.
250 lb
(2.79 mm)
Displacement at 0.23 in.
500 lb
(5.84 mm)
Displacement at 0.35 in.
750 lb
(8.89 mm)
Peak Load
1770 lb.
(7.87 kN)
Transformed
12.75 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.12 in.4
(1.3E6 mm4)
5940 psi
28-Day
(40.96 MPa)
Compressive
Strength

Test Summary of Specimen E2
Bar Size: #4
Bar Type: Epoxy
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-6: Test Summary of Specimen E2
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37

Cast Date: 10-28-2019
Sustained Load Test: 06-09-2020
Flexural Test: 06-23-2020
Value
19
38.307 in. (973 mm)
5.02 in. (127.51 mm)
0.002 in. (0.056 mm)
0.007 in. (0.173 mm)
0.086 in.2 (55.5 mm2)
0.564 in. (14.33 mm)
Parameter
Value
Displacement at 0.12 in.
250 lb
(3.05 mm)
Displacement at 0.28 in.
500 lb
(7.11 mm)
Displacement at 0.44 in.
750 lb
(11.18 mm)
Peak Load
1580 lb.
(7.03 kN)
Transformed
12.74 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.1 in.4
(1.3E6 mm4)
5940 psi
28-Day
(40.96 MPa)
Compressive
Strength

Test Summary of Specimen G2
Bar Size: #4
Bar Type: Galvanized
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-7: Test Summary of Specimen G2
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Cast Date: 10-28-2019
Sustained Load Test: 06-09-2020
Flexural Test: 06-23-2020
Value
22
36.142 in. (918 mm)
3.86 in. (98.04 mm)
0.002 in. (0.048 mm)
0.005 in. (0.136 mm)
0.069 in.2 (44.8 mm2)
0.523 in. (13.28 mm)
Parameter
Value
Displacement at 0.12 in.
250 lb
(3.05 mm)
Displacement at 0.24 in.
500 lb
(6.1 mm)
Displacement at 0.36 in.
750 lb
(9.14 mm)
Peak Load
2059 lb.
(9.16 kN)
Transformed
12.75 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.15 in.4
(1.3E6 mm4)
5940 psi
28-Day
(40.96 MPa)
Compressive
Strength

Test Summary of Specimen T2
Bar Size: #4
Bar Type: Textured Epoxy
Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
2500

Load (lb.)

2000
1500
1000
500
0
0

0.5

1

1.5

2

2.5

Displacement (in.)
Figure B-8: Test Summary of Specimen T2
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Cast Date: 10-28-2019
Sustained Load Test: 06-09-2020
Flexural Test: 06-23-2020
Value
28
48.78 in. (1239 mm)
3.18 in. (80.77 mm)
0.002 in. (0.051 mm)
0.007 in. (0.166 mm)
0.104 in.2 (67.1 mm2)
0.597 in. (15.16 mm)
Parameter
Value
Displacement at 0.11 in.
250 lb
(2.79 mm)
Displacement at 0.24 in.
500 lb
(6.1 mm)
Displacement at 0.38 in.
750 lb
(9.65 mm)
Peak Load
1880 lb.
(8.36 kN)
Transformed
12.74 in.4
MOI
(5.3E6 mm4)
Cracked MOI
3.08 in.4
(1.3E6 mm4)
5940 psi
28-Day
(40.96 MPa)
Compressive
Strength

Test Summary of Specimen B3
Bar Size: #4
Bar Type: Black

Cast Date: 10-16-2020
Sustained Load Test: 12-10-2020
Flexural Test: 02-18-2021
Value
15
21.163 in. (537.54 mm)
4.587 in. (116.51 mm)
0.003 in. (0.07 mm)
0.008 in. (0.196 mm)
0.058 in.2 (37.6 mm2)
0.645 in. (16.61 mm)
Parameter
Value
Displacement at 0.18 in.
250 lb
(4.57 mm)
Displacement at 0.38 in.
500 lb
(9.65 mm)
Displacement at 0.62 in.
750 lb
(15.75 mm)
Peak Load
---------

Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-9: Test Summary of Specimen B3
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28-Day
Compressive
Strength

12.77 in.4
(5.3E6 mm4)
3.27 in.4
(1.4E6 mm4)
5139 psi
(35.43 MPa)

Test Summary of Specimen E3
Bar Size: #4
Bar Type: Epoxy

Cast Date: 10-16-2020
Sustained Load Test: 12-10-2020
Flexural Test: 02-18-2021
Value
23
32.48 in. (825.07 mm)
4.45 in. (113.03 mm)
0.004 in. (0.091 mm)
0.012 in. (0.298 mm)
0.118 in.2 (75.97 mm2)
0.79 in. (20.07 mm)
Parameter
Value
Displacement at 0.2 in.
250 lb
(5.08 mm)
Displacement at 0.38 in.
500 lb
(9.65 mm)
Displacement at 0.57 in.
750 lb
(14.48 mm)
Peak Load
---------

Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-10: Test Summary of Specimen E3
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28-Day
Compressive
Strength

12.76 in.4
(5.3E6 mm4)
3.25 in.4
(1.4E6 mm4)
5139 psi
(35.43 MPa)

Test Summary of Specimen G3
Bar Size: #4
Bar Type: Galvanized

Cast Date: 10-16-2020
Sustained Load Test: 12-10-2020
Flexural Test: 02-18-2021
Value
24
27.016 in. (686.21 mm)
3.76 in. (95.5 mm)
0.003 in. (0.078 mm)
0.01 in. (0.25 mm)
0.085 in.2 (55 mm2)
0.803 in. (20.4 mm)
Parameter
Value
Displacement at 0.2 in.
250 lb
(5.08 mm)
Displacement at 0.39 in.
500 lb
(9.91 mm)
Displacement at 0.58 in.
750 lb
(14.73 mm)
Peak Load
---------

Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-11: Test Summary of Specimen G3
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28-Day
Compressive
Strength

12.77 in.4
(5.3E6 mm4)
3.3 in.4
(1.4E6 mm4)
5139 psi
(35.43 MPa)

Test Summary of Specimen T3
Bar Size: #4
Bar Type: Textured-Epoxy

Cast Date: 10-16-2020
Sustained Load Test: 12-10-2020
Flexural Test: 02-18-2021
Value
27
35.352 in. (897.93 mm)
3.94 in. (100.08 mm)
0.003 in. (0.066 mm)
0.01 in. (0.249 mm)
0.091 in.2 (59.02 mm2)
0.879 in. (22.33 mm)
Parameter
Value
Displacement at 0.18 in.
250 lb
(4.57 mm)
Displacement at 0.37 in.
500 lb
(9.4 mm)
Displacement at 0.58 in.
750 lb
(14.73 mm)
Peak Load
---------

Sustained Load Measurements
Number of cracks (total both sides)
Length of cracks (total both sides)
Average spacing between cracks (sides only)
Average width of cracks (sides only)
Maximum crack width
Area of cracks (total both sides)
Displacement at day 7
Flexural Test Load-Displacement Response
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Figure B-12: Test Summary of Specimen T3
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28-Day
Compressive
Strength

12.76 in.4
(5.3E6 mm4)
3.23 in.4
(1.3E6 mm4)
5139 psi
(35.43 MPa)

WORKS CITED
Choi, O. C., Hadje-Ghaffari, H., Darwin, D., & McCabe, S. L. (1991). Bond of
epoxy-coated reinforcement: Bar parameters. ACI Materials Journal, 88(2),
207-217.
CMC Commercial Metals website. Accessed October 2020.
https://www.cmc.com/en-us/what-we-do/america/mill-products/galvabar
El Maaddawy, T., Soudki, K., & Topper, T. (2005). Long-term performance of
corrosion-damaged reinforced concrete beams. ACI Structural Journal, 102,
649-656.
Higgins, L., Forth, J. P., Neville, A., Jones, R., & Hodgson, T. (2013). Behaviour of
cracked reinforced concrete beams under repeated and sustained load types.
Engineering Structures, 56, 457-465.
Kayali, O., & Yeomans, S. R. (2000). Bond of ribbed galvanized reinforcing steel in
concrete. Cement and Concrete Composites, 22(6), 459-467.
Kim, K. E., & Andrawes, B. (2018). Behavior of epoxy-coated textured reinforcement
bars. University of Illinois at Urbana-Champaign: Illinois Center for
Transportation.
ImageJ: National Institutes of Health, Accessed July 2020, http://rsbweb.nih.gov/ij/.
L. Abo Alarab, B. E. Ross, & and A. Poursaee. (2020). Influence of transverse crack
opening size on chloride-induced corrosion of steel bars in concrete. ASCE
Journal of Bridge Engineering, 25(6)
Peterman, R. J. (2009). A simple quality assurance test for strand bond. PCI Journal,
143-161.
Smith, J.L. and Virmani, Y.P. (1996). Performance of epoxy coated rebars in bridge
decks (Final Report No. FHWA-RD-96-092). McLean, Virginia: Federal
Highway Administration.
Sreedhara S., Ross, B., Poursaee A., “Comparison of Bond Strength in Crack Control
Performance of Alternative Reinforcement Types in Concrete,” Presentation
at Virtual Conference, American Concrete Institute, (June 2020).
Wight, J. K. (2016). Reinforced concrete mechanics and design (Seventh ed.)
Pearson.

39

Yeomans, S. R. (Ed.). (2004). Galvanized steel in concrete: An overview Elsevier.
Zhang, Z., Jung, D., & Andrawes, B. (2020). Evaluation of surface roughness and
bond-slip behavior of new textured epoxy-coated reinforcing
bars. Construction and Building Materials, 262

40

